Electron energy distribution functions ͑EEDFs͒ were measured in a 50 mTorr oxygen plasma column sustained by propagating surface waves. Trace-rare-gas-optical-emission spectroscopy was used to derive EEDFs by selecting lines to extract "electron temperature" ͑T e ͒ corresponding to either lower energy electrons that excite high-lying levels through stepwise excitation via metastable states or higher energy electrons that excite emission directly from the ground state. Lower energy T e 's decreased from 8 to 5.5 eV with distance from the wave launcher, while T e Ϸ 6 eV for higher energy electrons and T e Ͼ 20 eV for a high-energy tail. Mechanisms for such EEDFs are discussed.
Plasmas produced by propagating surface waves have attracted considerable attention because of their ability to produce long and stable plasma columns without accompanying guiding structures. This is because the electric field supporting the discharge is provided by a traveling wave that carries the power away from the applicator, guided solely by the plasma column and the dielectric tube enclosing it. Knowledge of the electron energy distribution function ͑EEDF͒ is of prime importance to determine the rate of electron-impact induced reactions and thus to control the plasma properties for various applications. It is difficult to use Langmuir probes without perturbing discharges with small diameters, as in the present study. This is because surface-wave plasmas combine wave and discharge properties in a self-consistent manner. 1 In addition, probe measurements of high-energy electrons are hampered by the large ion current that must be subtracted from the total current to obtain the small corresponding electron current. These higher energy electrons are responsible for the majority of excitation and ionization processes ͑typicallyϾ 10 eV͒. Other techniques to measure EEDFs in such plasmas include thermal probes, 2 microwave field antennae, 2 laser Thomson scattering, 3 and retarding field analyzer. 4 Many of these experiments have shown deviations from Maxwellian distributions with either a lack 5, 6 or an excess 2,4,7-10 of high-energy electrons.
In this work, we use trace-rare-gas-optical-emission spectroscopy ͑TRG-OES͒ to determine electron temperatures and energy distributions in low-pressure oxygen plasmas sustained by surface waves. These plasmas are interesting for several applications including plasma sterilization, photoresist stripping, and basic surface science studies. The TRG-OES technique consists of adding traces of Ne, Ar, Kr, and Xe to the plasma and recording the emission intensities from the Paschen 2p x levels ͓np 5 ͑n +1͒p electron orbital configuration of the rare gas͔. 11 The rare gas partial pressures are sufficiently low that no measurable perturbation to the plasma occurs and emissions are under optically thin conditions. This trace rare gas method has been used to measure electron temperatures in chlorine, 12, 13 oxygen, 14 and fluorocarbon-containing 15 inductively coupled plasmas. One major advantage of this technique is that by selecting appropriate emission lines, the "electron temperature" can be determined for different portions of the EEDF. 13 The plasma under investigation was produced in a 6 mm inside diameter fused silica tube evacuated by a 150 l/s turbomolecular pump ͑base pressure in the mid 10 −7 Torr͒. The surface wave of frequency f = / 2 = 2.45 GHz was excited by a gap-type wave launcher ͑Surfatron͒, the details of which can be found elsewhere. 16 A mixture of 6 SCCM O 2 ͑SCCM denotes standard cubic centimeters per minute at STP͒ and 0.3 SCCM of trace rare gas ͑20% each He, Ne, Ar, Kr, and Xe͒ was used. Most of this flow bypassed the discharge tube to avoid excessive pressure gradient in the tube. The pressure measured at the entrance of the tube was set by adjusting the flow rate through the plasma chamber using a needle valve. Based on conductance calculations, 17 we estimated this flow rate to be ϳ0.06 SCCM at a pressure of 50 mTorr. The incident minus reflected power was 185 W, producing a plasma approximately 10 cm long at 50 mTorr. Plasma emission was collected by a collimator and monitored using a 640 mm focal length scanning monochromator employing a 1200 groove mm −1 grating and a water-cooled GaAs photomultiplier tube ͑Hammamatsu, R-943-02͒. The spectral resolution of this system was 0.076 nm with the slit widths set to 100 m. The emission intensities were corrected for the relative response of the monochromator and detector.
To determine the electron temperature T e from rare gas emission intensity measurements, a Maxwellian electron energy distribution was assumed, a range of T e values were chosen, and relative intensities of rare gas emission lines were calculated from a model using the appropriate electronimpact cross sections and branching ratios. The computed intensities were then compared with the experimental data to determine the best fit. 11 We have determined electron temperatures in three different ways. First, T e was determined from a set of seven emission lines from Ar, Kr, and Xe 2p x levels that are populated mainly ͑Ͼ90% as derived from the a͒ Electronic mail: luc.stafford@umontreal.ca. Table I͒ by electron-impact excitation from the ground state, requiring energies of at least 9.6-11.1, 11.3-12.3, and 12.9-13.5 eV for Xe, Kr, and Ar, respectively. This yields an electron temperature T e high that is characteristic of the high-energy part of the EEDF. A second method uses six lines from states that are computed to be excited at least 60% ͑see Table I͒ through electron impact from the 3 P 2 and 3 P 0 metastable levels. The densities of metastable atoms were calculated using a global model. 17 Since the population of the 2p x levels from the 3 P 2 and 3 P 0 metastable levels requires low energy electrons ͑typically above a few eV͒, this measure of electron temperature T e low corresponds to the lower energy portion of the EEDF. The third method uses Ar 2p 1 ͑750.4 nm͒, Ar 2p 5 ͑751.5 nm͒, and Ne 2p 1 ͑585.2 nm͒ lines. As discussed previously, 11, 14 Ne emission is usually either weak or not observable in discharges with near Maxwellian distributions in gases with ionization potentials lower than the energy of the Ne 2p levels ͑18.4-19 eV above the ground state͒. Its presence provides a measure of the density of high-energy electrons.
The values of T e high and T e low determined from the analysis described above are shown in Fig. 1 as a function of axial position z with respect to the wave launcher for a 50 mTorr O 2 plasma. T e low decreased from about 8 to 5.5 eV as we moved away from the wave launcher. On the other hand, a nearly constant value of T e high Ϸ 6 eV was observed between z = 1.5 and 8.5 cm. Strong Ne emission was observed in all spectra ͑not shown͒, with Ne ͑585.2 nm͒ to Ar ͑750.4 nm͒ and Ne ͑585.2 nm͒ to Ar ͑751.5 nm͒ emission ratios of the order of 0.4 and 1.4, respectively. When using only these Ne and Ar lines, the electron temperature obtained from the model jumped to Ͼ20 eV, the upper limit detectable by the TRG-OES technique. No electron temperatures could be extracted near the end of the plasma column between z = 8.5 and 10.5 cm due to the weak and spatially fluctuating rare gas emission in that region. The electron temperatures in the low and intermediate electron energy ranges presented in Fig. 1 5 This is consistent with the maintenance electric field ͑field needed to maintain the discharge in steadystate͒ in O 2 plasmas being larger than in Ar by about a factor of two at a pressure of 50 mTorr and a plasma radius of 0.3 mm. 18 The high electron temperatures presented in Fig. 2 are also consistent with the predictions of a simple zerodimensional global model in which T e is given by T e = E iz / ln͑n g l eff A iz / v B ͒, 19 where E iz and A iz are the parameters in the ionization rate constant k iz = A iz exp͑−E iz / T e ͒, n g is the neutral gas density, l eff is an effective plasma length for positive ion diffusion, and v B is the Bohm velocity. Because of the relatively high electron temperatures presented in Fig. 2 and the relatively high electron densities expected for surface-wave discharges operated at 2.45 GHz ͑Ͼ3.4 ϫ 10 11 cm −3 ͒, 20 one expects relatively high electron-impact dissociation rates and thus relatively high gas temperatures due to the formation of energetic O atoms. Assuming a typical neutral gas temperature of 600 K and using the rate constants for the electron-impact ionization of O and O 2 reported in Ref. 21 , we estimate electron temperatures of 5.9 eV when assuming O 2 + as the main positive ion and 7.9 eV when assuming O + as the dominant positive ion. To determine what portions of the EEDF are described by the T e high and T e low values displayed in Fig. 1 , we used the approach in Ref. 13 defining lower, E l , and upper, E h , electron energies such that 90% of emission is excited by electrons with energies above E l , and 90% is excited by electrons with energies below E h . 13 The values of E l and E h were computed in Ref. 13 for 2p x levels of Ar, Kr, and Xe as a function of T e high using cross sections for electron-impact excitation from the ground state and as a function of T e low using cross sections for electron-impact excitation from metastable levels. For T e high = 6 eV, the values of E l and E h are 14 and 31 eV, respectively. Thus, T e high = 6 eV characterizes an assumed Maxwellian distribution between 14 and 31 eV. Similarly, the values of E l and E h determined for T e low = 7.8 eV ͑z = 1.5 cm͒ are 5 and 23 eV, while those obtained for T e low = 5.6 eV ͑z = 8.5 cm͒ are 4 and 20 eV.
Segmented EEDFs constructed from the above analysis are shown in Fig. 2 for z = 1.5 and 8.5 cm. For z = 1.5 cm, the EEDF has a three-temperature distribution with a slightly steeper slope in the intermediate energy range. Such lack of energetic electrons ͑ϳ15-25 eV͒ as compared to Maxwellian distribution was also observed in Refs. 5 and 6 for argon plasmas, although in the latter case the depletion was much more prominent. Such behavior was attributed to the influence of inelastic collisions ͑ionization, excitation͒, which depopulate this portion of the EEDF with high efficiency. 22 In plasmas sustained in molecular gases ͑such as O 2 ͒, inelastic electron energy loss mechanisms are not only present above ϳ10 eV such as in atomic gases ͑e.g. Ar͒ but across the entire energy range ͑e.g., vibrational, excitation, dissociation, etc.͒. 23 Therefore, EEDFs are more Maxwellian than those observed in Ar discharges under comparable experimental conditions. 5, 6 As we moved away from the wave launcher, the bulk electron temperature ͑mainly characterized by T e low ͒ decreases most likely because of the decaying gas temperature with increasing z as observed previously for nitrogen plasmas. 24 Figure 2 also shows the presence of a large amount of high-energy electrons. For example, at z = 1.5 and 8.5 cm, the concentration of electrons having energies about 20 eV accounted for about 8% and 6% of the total electron population. A theoretical model predicting the production of hot electrons in the high-frequency field of surface-wave discharges with a cylindrical geometry was presented by Aliev et al. 25 Fast particle generation was found to be caused by the radial component of the surface-wave electric field, which is strongly inhomogeneous near the plasma resonance region for which the plasma frequency p equals the surfacewave frequency . In surface-wave plasmas, the value of p averaged over the discharge cross section must be above to ensure propagation of the wave. 26 Therefore, to allow a local resonance, and thus fast electron generation, to take place, a substantial drop in the electron density near the dielectric wall is necessary. This was proved to be valid for cases when the electron collision frequency for momentum transfer m is much smaller than the wave frequency ͑i.e., m Ӷ ͒. 25 In our conditions, m ͑ϳ0.3 GHz for a 50 mTorr O 2 plasma with T e =6 eV͒ ͑Ref. 27͒ is well below the surface-wave frequency ͑2.45 GHz͒, indicating that acceleration of electrons in a resonant layer is likely to occur. The presence of highenergy tails was also observed near the dielectric window in planar surface-wave plasmas in argon 8, 9 and oxygen 7,10 but was found to vanish rapidly when moving away from the wave launcher. In the cylindrical geometry, however, the plasma is continuously exposed to the strongly inhomogeneous radial electric field, which explains why the highenergy tail was observed over the whole plasma length.
In summary, we used TRG-OES to measure the EEDF in oxygen plasmas sustained by surface waves. A small depletion of intermediate energy electrons ͑T e high Ͻ T e low ͒ was observed near the wave launcher, with this effect being less pronounced as we moved away from the Surfatron. An important concentration of high-energy electrons was observed across the whole plasma length, a feature that seems to be consistent with resonance heating near the plasma-dielectric boundary.
